The rate of injection profile is a key parameter describing the fuel injection process for diesel injection. It is also an essential input parameter for computational fluid dynamics simulations of spray flows. In the present work, rate of injection profiles of a multi-hole diesel injector were measured using the Zeuch method and the momentum flux method. The rate of injection profiles measured by the momentum flux method had a faster rise in rate of injection during the initial ramp-up phase than with the Zeuch method. The measured rate of injection profiles were applied in threedimensional computational fluid dynamics simulations of diesel sprays under non-vaporizing and vaporizing conditions with sweeps in injection pressure, bulk charge gas density, and bulk charge gas temperature. Analytical results were compared against experimental data for liquid penetration generated under those conditions. Computational fluid dynamics results with the rate of injection profile measured by the Zeuch method under-predict liquid penetration during the initial ramp-up phase, while computational fluid dynamics results with the rate of injection profiles measured by the momentum flux method showed much better agreement with the experimental data of liquid length and penetration. This suggests that current computational fluid dynamics spray models may be able to more accurately model transient liquid penetration when using the velocity profile developed from momentum flux measurements. Further study is needed to evaluate how computational fluid dynamics predictions of combustion and emissions of affected when using these two rate of injection profiles.
Introduction
Diesel engines are extensively used in on-highway, offhighway, power plant, locomotive, and marine applications due to their superior durability, drivability, utility, and fuel efficiency. Diesel engines are also an attractive option for meeting future Corporate Average Fuel Economy (CAFE) and greenhouse gas regulations since their fuel conversion efficiency can be 40% more than that of modern spark-ignition engines. 1 Meanwhile, with increasingly stringent emission standards for particulate matter and NOx, diesel engine manufacturers are faced with the challenge of meeting these lower emission regulations. To meet these challenges, diesel engine development now strongly relies on engine computational fluid dynamics (CFD) simulations, including multi-dimensional CFD simulations.
Conventional diesel combustion is largely controlled by the fuel injection event. Liquid fuel is injected into the chamber through an injector at high pressure and is then atomized into droplets with the jet momentum being a key factor in the mixing and charge utilization. The droplets vaporize during this mixing and the resulting fuel vapor-gas combusts with air. The combustion efficiency and emissions strongly depend on the droplet formation, momentum, and resulting mixing process, which is governed by processes of liquid atomization, secondary breakup, and drop evaporation. Transient liquid injection velocity is one necessary input for computational modeling of a diesel spray. The initial liquid velocity is typically described using a one-dimensional rate of injection (ROI) profile as a function of time. Using either mass or volume flow rate, the liquid velocity at the nozzle exit can be estimated from the measured ROI profile and the nozzle hole size using assumptions about the discharge coefficient. This input injection velocity profile defines the spray momentum and directly impacts the CFD simulations results, including spray penetration and mixing.
There are various methods used to characterize the ROI of a fuel spray. These include the Bosch method, 3 Zeuch method, 4 electrical charge method, 5 x-ray radiography, 6 and Momentum method. [7] [8] [9] [10] [11] [12] The two most common methods for measuring ROI are the Bosch and Zeuch method. The Bosch method involves measuring the pressure wave generated when fuel is injected into a tube (the measuring tube) filled with fuel held at a constant pressure representative of the combustion chamber pressure by means of a check valve. With the Zeuch method, fuel is injected into a cavity filled with the same fuel, and the measured rate of pressure increase is related to the injected fuel mass flow rate assuming a fuel density. The resulting profile from both of these methods is the mass flow rate of injected fuel as a function of time over the duration of a fuel injection event. This profile is then scaled to obtain the injection velocity profile using the nozzle diameter, number of holes, and total injected mass, assuming a density and a constant discharge coefficient. Note neither of these is a direct measure of the spray velocity but instead is computed from the pressure signal and is subject to a number of assumptions. 13 The momentum measurement method has also been used to assess ROI. The principle of this method is to inject high-pressure diesel fuel directly onto a force or pressure transducer (see Figure 1 ) and measure the impinging momentum from the injection event. This is a direct measure of the spray momentum, but not directly at the nozzle exit. The resulting data are the spray impinging force as a function of time over the duration of the injection event, from which the spray velocity profile can be estimated based on the nozzle geometry and assumed fuel density and discharge coefficient (which is assumed to be constant). This momentum measurement method can be used on singlehole 8, 14 or multi-hole injector nozzles. 15 Pickett et al. 16 summarized results of both ROI and rate of momentum (ROM) measurements on Spray A injectors taken at Sandia National Laboratory and CMT-Motores Te´rmicos at the Universitat Polite`cnica de Vale`ncia. They identified differences in measurements during the initial ramp-up phase between the different measurements techniques and test locations. A model ROI profile was suggested to be used in CFD simulations for that case to resolve the inconsistencies.
The ROI profile of a Caterpillar 315B hydraulically actuated electronically controlled unit injector and the resulting liquid penetration during the initial ramp-up phase of the spray was measured by Ramirez et al. 6 using x-ray radiography. They observed a much faster increase in injection rate during the initial ramp-up phase using this technique relative to the ROI profile generated using the Bosch method. Ramirez and coworkers further reported that the liquid penetration from numerical simulations was better predicted during the ramp-up phase when the injection velocity, which was determined over the entire injection event using the Bosch method, was modified based on x-ray radiography measurements during the initial ramp-up phase. A further high fidelity large-eddy simulation (LES) of the nozzle flow and near nozzle region revealed complicated transient phenomena during the start and end of injection. 17 Volume of fluid (VOF) method has been used to simulate the transient liquid fuel injection including internal nozzle flow and near nozzle region. 18 In the present work, the ROI profile of a multi-hole diesel injector was examined using both the Zeuch method and the momentum flux method. The ROI profiles from these two different techniques were used to generate velocity profiles. These profiles were used in 3D CFD simulations for diesel sprays and compared to experimental liquid penetration measurements from an optically accessible constant volume combustion vessel (CV) under non-vaporizing and vaporizing conditions.
Experimental setup
Experiments were conducted to acquire ROI and liquid penetration measurements with a Bosch CRI3-20 piezoelectric diesel fuel injector. The injector's nozzle had eight equally spaced holes manufactured with an outlet diameter of 140 mm and a k-factor and hydro-erosive (H-E) rounding specification of Ks1.5, similar to that used in Sandia's Engine Combustion Network (ECN) Spray A. 19 Zeuch ROI data was acquired from the fuel system supplier, while ROM measurements and liquid penetration data were taken at Michigan Tech. Details of each of those experimental facilities and test methods are provided below.
Zeuch ROI system
ROI profiles of the injectors at different injection pressures were measured using a Hydraulic Data Analyzer (HDA) produced by Moehwald GmbH. 20 The HDA measurement head consists of a closed measurement chamber of constant volume filled with test medium. Pressure of the chamber is measured when an injection is issued into the chamber. Details about the HDA can be found in Moehwald Bosch Group. 20 The principle of the measuring technique is the same as the Zeuch method 4 discussed above. Consequently, this method is referred to as the ''Zeuch method'' hereafter in the present article. ROI measurements were conducted at six different injection pressures (ranging from 914 to 2000 bar) and command durations of 0.6 and 1.2 ms for the Zeuch method and 0.6 and 1.6 ms for momentum flux measurements. Current drive signal, injection mass, and injection rate were measured.
Spray momentum test rig
A spray momentum test rig was developed for characterizing the ROI from individual holes of a multi-hole injector with an included angle of 150°. The ROI fixture affixes to the injector holder port. This fixture includes an anvil which mounts to the force sensor (Kistler 9215), which protrudes into the fixture at an angle of 15°to vertical to match the spray angle. The fixture housing includes the transducer and is able to rotate relative to the fixed injector holder, to enable alignment of each spray plume with the transducer. The impingement distance between injector and anvil is 8 mm, with an anvil diameter of 6 mm to fully capture the impinging fuel spray, without collecting spray from adjacent spray plumes. The 8 mm impingement distance was chosen based on tests conducted to characterize the influence of impingement distance on measured momentum flux. 21 Tests were also undertaken to understand the influence of anvil material and configuration, which indicated that an aluminum anvil with an external thread count increased the resonant frequency, improving the signal-to-noise ratio for the momentum flux measurements.
The injector was connected to a high-pressure diesel fuel system capable of injection pressures to 4140 bar. Ultra Low Sulfur Diesel (ULSD) fuel was used in the current study. Fuel was injected into ambient temperature and pressure to characterize the ROI. At each test condition, 50 injections were completed using a developed LabVIEW program to acquire data at 125 kHz using a NI cDAQ 9178 with NI9201 interface card.
Injection was controlled using an EFS xIpod piezoelectric injector driver. The impingement on the force transducer provides a measure of momentum flux for each injection event, for one spray plume. The cumulative mass of 50 injections was measured by injecting 50 times into a cup filled with absorbent material, of known mass. Immediately after the injections, with the cup being mounted directly to the ROI fixture to prevent fuel evaporation, the cup and absorbent material, with injected fuel, was again massed. The difference of these two measurements defined the mass of fuel injected over 50 injection events as used in the analysis to define the average injected mass. Scaled by 50 and divided by the number of orifices (8 for the present study), the average injected mass for one plume of the multi-hole injector is obtained. These data enable determination of fuel mass flow rate and injector coefficients. Results presented here have undergone postprocessing including digital filtering using a low-pass third-order Butterworth filter with a cutoff frequency of 30 kHz. A correction is made to account for the difference between the set-point injection pressure ( p f ) and actual injection pressure ( p avg ). The ROI is normalized as
The fuel mass flow rate is then determined using
where A is the injector area based on geometric area without an area contraction coefficient and rho_fuel (written as a variable as shown in the equation above) is the fuel density. This fuel mass flow rate from the ROI signal is calculated for each injection event, and the 50 traces are then averaged to define the average fuel mass flow rate. Details about data post-processing can be found in Johnson et al. 21 Optically accessible CV Spray tests were conducted in an optically accessible constant volume CV to characterize liquid penetration under various conditions for comparison with CFD simulations. Full details of the CV and its operation are provided in Nesbitt 22 and Johnson et al. 23 The vessel has an approximately 1 L internal volume with six access ports for windows, fuel injector, and so on and eight instrument ports for valves and a pressure transducer. For the current tests, three sapphire windows were used along with the dual electrode and fan window for the pre-burn process as will be discussed, and an injector window for the Bosch common rail diesel injector. The CV can replicate the temperature, pressure, and charge gas composition to match those of the in-cylinder conditions in diesel engines for fundamental spray and combustion studies.
The vessel walls are electrically heated to 373 K for non-vaporizing tests and 453 K for vaporizing tests. For the non-vaporizing spray tests, the CV was filled with nitrogen at the desired pressure (density) and the subsequent fuel injection ensued. To obtain the charge gas conditions matching those in a diesel engine for spray vaporization, a pre-burn procedure is used. For this pre-burn, a pre-mixed gas mixture of acetylene, hydrogen, oxygen, and nitrogen is brought into the CV to a set-point pressure based on desired test density and is subsequently ignited. This initial mixture is tailored to provide the desired oxygen levels post preburn, which is 0% oxygen for the vaporizing spray tests. This results in a pre-burn combustion process with a rise in pressure and temperature, which subsequently decreases after combustion is completed during the cool down-period when there is heat transfer to cooler vessel walls. The pressure is monitored during this time, and at the desired pressure (temperature) for injection, the injection event is triggered and driven by an EFS piezoelectric injector driver.
Optical diagnostics applied included both Mie scatter imaging (flashlamp for illumination) and laser scatter imaging (laser sheet illumination) for the nonvaporizing cases using a multi-hole injector, and Mie Scatter imaging for the vaporizing spray tests. The liquid length is measured by the back scattering technique. The flashlamp is directed into the CV to illuminate the spray. The light is reflected off of the droplets, which is collected by the camera mounted directly in front of the injection event, which enables acquisition of the liquid spray behavior.
For the non-vaporizing tests, scattering tests used a laser that created a circle of illumination on the injector using a 38:1 mm bi-convex lens and an Argon ion laser at a wavelength of 514:5 nm with a power of 1 W. The scattered light signal was collected with a Cooke DiCam Pro ICCD camera, used in double shutter mode with a 0.1 ms interframe time. The camera was equipped with a 60 mm Nikon micro-Nikkor lens with an f-stop of 11 and exposure duration of 1:5 ms. Mie scattering images were acquired with a Cooke SensiCam QE camera with a 60 mm Nikon MicroNikkor lens, f-stop 5.6, at an exposure duration of 2 ms, at 0:2 ms intervals from the start of injection to 0:2 ms after start of injection (ASOI). Illumination was provided with a Cooke SensiFlash flashlamp.
For the vaporizing spray tests, a high-speed Photron Ultima APX RS camera was used with a Nikon Nikkor 50 mm lens and f-stop of 16. The resolution used was 256 3 256 to provide a 30,000 frames per second framing rate, with a 2 ms exposure duration. The Cooke SensiFlash flashlamp again provided the illumination for the scattering of light off of the liquid fuel. This flashlamp was directed at an angle into the CV and reflected off an angled mirror at the CV to provide uniform illumination of the entire CV chamber. The acquired high-speed images are subsequently postprocessed using developed MathWorks-MATLAB programs to define temporal liquid penetration or liquid length, for the non-vaporizing and vaporizing spray tests. [24] [25] [26] For experiments, the non-vaporizing liquid penetration is determined from the images via post-processing in MATLAB, including thresholding and blob analysis coupled with boundary tracing to define the left and right edges of the spray, which are then curve fit, and the evaluation of the curve fit at the leading edge of the spray defines the spray tip and hence the penetration. The vaporizing liquid penetration is determined from the images via post-processing in MATLAB, including thresholding and boundary definition of the spray, with the liquid penetration being the maximum distance from the injector tip to the spray boundary, where the boundary has been defined based on the thresholding. ambient temperatures of 850 À 1200 K, non-combusting) bulk charge gas conditions (representing average conditions in the vessel) were considered.
27,28
Numerical models
In the present work, a commercial CFD software, Convergeä, was used to simulate the sprays. 29 Standard models available within Converge were used which includes submodels for atomization, 30 KelvinHelmhotz Rayleigh-Taylor breakup, 31 drag, 32 turbulent dispersion, 32 evaporation, 32 and renormalization group (RNG) k-e turbulence model, 33 as listed in Table 2 . Standard model constants as recommended by Converge were used. The physical properties of the diesel fuel are modeled using dodecane. Mesh embedding has been applied to the near nozzle area. Adaptive mesh refinement technique has been used for both temperature and velocity field. Details about these models can be found in Richards et al. 29 A wide range of model constants and model options (turn on/off specific submodels) have been tested. The results presented in the article are the ones using default model setup and model constants. Converge for spray simulation has been extensively validated, [34] [35] [36] reproducing spray dynamics under a variety of operating conditions.
In this study, the ROI profile from the Zeuch or momentum flux measurement is used as a model input to determine how spray velocity at the nozzle exit changes as a function of time throughout the injection event. The ROI profile is typically scaled to the velocity profile used in the simulations by closing the loop on the injected fuel mass, considering the injection duration and nozzle geometry, assuming a constant discharge coefficient. The scaling factor a is computed from total injected fuel mass m inj , liquid density r liq , total geometric nozzle area of the injector A inj , and
Droplet velocity is then determined as
Thus, the absolute value of the ROI profiles is not important for simulation purpose. Only the relative magnitude affects the results.
Liquid penetration is determined based on the fraction of total liquid mass in the whole domain. 23, 29 The liquid penetration is defined as the distance from the nozzle exit that encompasses a defined percentage of the total available liquid mass injected from this nozzle. The percentage was set to 98% in this work.
All the cases listed in Table 1 have been simulated using Converge. Only a portion of the results that were generated in this study are presented in the present paper for brevity. Figure 2 compares the ROI profiles measured by the Zeuch method and momentum flux method at 914 bar injection pressure with command duration of 0.6 ms. The Zeuch ROI profile has been scaled by the number of holes to be consistent with momentum flux measurement, which was measured for a single nozzle hole. Both ROI profiles are an ensemble averaged of 50 individual injection events. A comparison of the two ROI profiles in Figure 2 shows that the ROI profile measured using the momentum flux method is steeper during the initial ramp-up phase than the Zeuch method. Thus, for the same command duration and the same total injected mass, the injection duration of the ROI profile measured by momentum flux method is shorter than the Zeuch method. Figure 3 compares the ROI profiles measured by the Zeuch method and momentum flux method at 2000 bar injection pressure and 1.6 ms injection command duration. As shown in Figure 2 , the initial ramp-up phase of the ROI profile measured by momentum flux method is steeper than the one of the Zeuch method. Since the duration of injection in this case was much longer than the case shown in Figure 2 , much of the injection profile shown in Figure 3 was at steady flow conditions, making the difference in the initial ramp-up and injection duration less noticeable, although still evident.
Results and discussion

ROI profile comparison
Spray simulation
Figures 4-6 compare the measured liquid penetration of the non-vaporizing cases with different bulk charge gas densities and injection pressures to corresponding predictions using the ROI profiles generated from the Zeuch method and the momentum flux method. Experimental data are represented by symbols: circles correspond to back scattering technique results (Back), and triangles correspond to laser scattering technique results (laser). Solid black lines are the numerical results using ROI profiles from the Zeuch method (Zeuch ROI). Dashed red lines are the numerical results using ROI profiles from momentum flux measurement (MFM ROI). In all non-vaporizing cases, liquid penetration is under-predicted for simulations in which the ROI profile was based on the Zeuch measurement, while reasonably good agreement with experimental liquid penetration is observed for simulations that are conducted when the ROI profiles was based on momentum flux measurements. Since the initial droplet velocity is defined by the ROI profiles, the lower ROI during the ramp-up phase with the Zeuch measurement leads to slower fuel penetration and the under-prediction of the liquid penetration.
While the ROI profile has a strong influence on predicted liquid penetration, it is also influenced by the constants used for spray models, particularly the spray breakup model. Consequently, adjustments were made to the spray breakup model, including deactivating that model to maximize the rate of liquid penetration. Additionally, the value for discharge coefficient was varied from 0.58 to 1 to further increase liquid penetration. Finally, the mesh was adjusted by altering the cell embedding and changing the adaptive mesh refinement (AMR) level, to assess whether changes to the numerical setup could be the source of differences between the experimental results and predicted liquid penetration from simulations conducted using the measured Zeuch ROI profile. While these adjustments increased liquid penetration, simulation run with the Zeuch ROI profile still under-predicted the rate of liquid penetration. The discrepancy is more evident for low injection pressure cases than high injection pressure cases, which is consistent with the fact that the initial ramp-up phase of Zeuch ROI profile with high injection pressure is closer to MFM ROI profiles than the ones with low injection pressure, an observation that is consistent with Johnson et al. Symbols represent experimentally measured data using obtained back scattering technique. As shown in Figures 4-6 , the solid black lines and red dashed lines are the results from simulations using the Zeuch ROI and MFM ROI profiles, respectively. The figure includes error bars for the experimental data representing the minimum and maximum values of liquid penetration over all eight plumes. Again, liquid penetration is under-predicted from simulations that used the Zeuch ROI profile, particularly for low injection pressure cases. Simulations using the ROI profile based on the MFM measurements yield better agreement with experimental data for all the cases, particularly early in the part of the spray event. For the high injection pressure (1700, 1850, and 2000 bar) and high bulk charge gas temperature (1050 and 1100 K) cases, a steady state indicated by a relative steady liquid penetration can be observed. Simulation of these cases shows reasonably accurate prediction of the steady-state liquid penetration, regardless of the ROI profile that was used as input. However, as with the other cases, simulations that utilized the Zeuch ROI profile still under-predict the liquid penetration, while those using the MFM ROI profiles match initial penetration reasonably well. The finding suggests that the initial spray velocity profile based on momentum flux measurement may be more suitable for prediction of the liquid fuel penetration during the ramp-up phase of diesel fuel injection in CFD analysis. Further study would be required to understand the influence of the ROI profile measurement source on combustion and emissions modeling.
Summary and conclusion
In the present work, ROI profiles were measured using both Zeuch and momentum flux methods and velocity profiles from each method were used in 3D CFD simulation of diesel spray under non-vaporizing and vaporizing conditions. Liquid penetration from those simulations was compared against measured liquid penetration from a constant volume CV. The results of this investigation suggest the following:
1. ROI profiles measured by momentum flux method have a faster rate of increase during the initial ramp-up phase than ROI profiles measured by the Zeuch method. 2. CFD analysis under-predicts the liquid penetration when the injection velocity profile derived from the Zeuch method ROI profile is used as an input. 3. Better agreement with experimentally measured liquid penetration is achieved when the CFD analysis is performed using a velocity profile based on the ROI profiles measured by momentum flux method.
Further study is needed to understand the impact of these two different injection velocity profiles on combustion and emissions. Predicted liquid penetration using different ROI profiles comparing with measurements: vaporizing (0% O 2 ); 850À1100 K bulk charge gas temperature; 12.3 or 34.8 kg/m 3 bulk charge gas density; 914À2000 bar injection pressure. Error bars on experimental penetration data represent the maximum and minimum values of liquid penetration of eight plumes.
